Introduction {#Sec1}
============

Over recent decades life expectancy of patients with metastatic castration-resistant prostate cancer (mCRPC) has been prolonged by the emergence of novel therapies \[[@CR1]--[@CR6]\]. Prediction and monitoring of response to therapy allows selection of the ideal patients, and changes in therapy early in the resistance phase when necessary. Currently, the most commonly used tools for response assessment include cross-sectional abdominopelvic imaging with computed tomography (CT) or magnetic resonance imaging (MRI) according to the Response Evaluation Criteria in Solid Tumors (RECIST) \[[@CR7]\], and bone scintigraphy (BS) together with serial assessments of changes in serum levels of prostate-specific antigen (PSA). Unfortunately, the current RECIST and even sometimes PSA levels show limited diagnostic and predictive accuracy in this disease state \[[@CR8], [@CR9]\]. Therefore, further parameters are needed in this context. Positron emission tomography (PET) has been shown to be a beneficial addition to morphological imaging, as it adds information about the molecular processes in tissues \[[@CR10]\]. Indeed, PET/CT, as a hybrid imaging modality, shows superior diagnostic performance compared with standard imaging allowing accurate response assessment in other tumor types \[[@CR11], [@CR12]\].

In prostate cancer, ^68^Ga-PSMA^HBED-CC^ conjugate 11 (PSMA 11) PET has started to revolutionize imaging, improving primary staging and the detection of biochemical recurrence \[[@CR13], [@CR14]\]. The use of PSMA 11 PET for response assessment is in accordance with the theranostic concept, as both radiopharmaceuticals, PSMA 11 and the therapeutic agent ^177^Lu-PSMA 617 (PSMA 617), target transmembrane folate hydrolase \[[@CR15]\] and therefore imaging before and after therapy provides direct information about therapeutic effects. However, to date, minimal data are available for PSMA 11 PET and its potential benefits for response assessment in patients with mCRPC. A recently published study in 23 patients treated with docetaxel showed that PSMA 11 PET/CT provides more accurate response assessment than conventional imaging \[[@CR16]\]. We hypothesized that PSMA 11 PET would also provide better response assessment than conventional imaging in mCRPC patients treated with PSMA 617 radioligand therapy (RLT). We therefore investigated the potential of PSMA 11 PET parameters for the assessment of response to RLT in patients with mCRPC. Our second aim was to determine the parameters that were best associated with overall survival (OS) in this mCRPC cohort. We compared the predictive accuracy of PSMA 11 PET with that of standard imaging and laboratory values.

Materials and methods {#Sec2}
=====================

Patients and therapy {#Sec3}
--------------------

This was a retrospective study in mCRPC patients undergoing PSMA 11 PET/MRI or PET/CT before and after RLT between January 2015 and January 2018. Patients eligible for this evaluation had to have a full PSMA 11 PET/CT(MRI) dataset before and after RLT and to have the respective laboratory values available. All patients received three administrations of 7.4 GBq PSMA 617 every 4 weeks according to a standardized protocol at our clinic. Originally, all patients were scheduled to undergo PSMA 11 PET/MRI. However, patients with implants contraindicated for a MRI and those with claustrophobia or pain underwent PSMA 11 PET/CT. PSMA 11 PET imaging and PSA determination were performed during the 8 weeks before starting RLT (PET1/RECIST1) and during the 6 weeks after the third RLT cycle (PET2/RECIST2). In addition to the standard baseline characteristics of the patients, the following pretreatment laboratory values were chosen for the survival analysis: PSA \[[@CR17]\], hemoglobin \[[@CR17]\], alkaline phosphatase (ALP) \[[@CR17]\], C-reactive protein (CRP) \[[@CR18]\] and lactate dehydrogenase (LDH) \[[@CR19]\]. ^177^Lu-PSMA 617 was used according to section 7(6a) of the Austrian pharmaceutical law. This study retrospectively evaluated ^68^Ga-PSMA 11 PET assessment of response to therapy administered on a compassionate use basis while performing a prospective clinical trial of this radiopharmaceutical at the same institution ([clinicaltrials.gov](http://clinicaltrials.gov) NCT02659527). All reported investigations were conducted in accordance with the principles of the Declaration of Helsinki and national regulations. The study was approved by the local Ethics Committee (permit 1158/2018).

Imaging protocol, analyses and evaluation of PET parameters {#Sec4}
-----------------------------------------------------------

### PSMA 11 PET/MRI protocol {#Sec5}

Patients received an intravenous injection of 2 MBq/kg body weight ^68^Ga-PSMA^HBED-CC^ conjugate 11 60 min before the start of the PSMA 11 PET/MRI acquisition. PET/MRI was performed on a Biograph mMR system (Siemens, Germany), that consisted of a MRI-compatible PET detector integrated with a 3.0-T whole-body MRI scanner. The PET component used a three-dimensional (3D) acquisition technique and offered an axial field of view (FoV) of approximately 26 cm and a transverse FoV of 59 cm with a sensitivity of 13.2 cps/kBq. A partial body PET scan (skull base to thighs) was performed with four bed positions, 5 min sinogram mode each. PET images were reconstructed using three iterations and 21 subsets. MRI-based attenuation correction was applied using Dixon-VIBE sequences that comprised in-phase and opposed-phase as well as fat-saturated and water-saturated images.

Integrated 3-T MRI was performed with a diffusion-weighted imaging (DWI) sequence and a T1 VIBE sequence for partial body imaging simultaneously with PET, and a T1 TSE sequence, a T2 TIRM sequence and a T2 HASTE sequence for sagittal imaging of the spine after PET, with the following parameters. DWI sequence: *b*-values 50 and 800, TR 6,800 ms, TE 63 ms, six averages and one echo, flip angle 180°, matrix size 168 × 104, FoV 440 × 340 mm, slice thickness 6 mm with a 1.2-mm gap. T1 VIBE sequence: matrix size 195 × 320, in-plane resolution 1.6 × 1.2 × 3 mm, FoV 309 × 380 mm, TR 4.56 ms, TE 2.03 ms. T1 TSE sequence: matrix size 320 × 320, in-plane resolution 1.4 × 1.1 × 3 mm, FoV 263 × 350 mm, TR 666 ms, TE 9.6 ms. T2 TIRM sequence: matrix size 320 × 320, in-plane resolution 1.4 × 1.1 × 3 mm, FoV 263 × 350 mm, TR 3,500 ms, TE 43 ms. T2 HASTE sequence: matrix size 256 × 256, in-plane resolution 1.56 × 1.5 × 6 mm, FoV 380 × 380 mm, TR 1,400 ms, TE 121 ms.

### PSMA 11 PET/CT protocol {#Sec6}

PSMA 11 PET/CT was performed from the vertex to the upper thighs using a 64-row, multidetector hybrid system (Biograph TruePoint 64; Siemens, Erlangen, Germany), with an axial FoV of 216 mm, a PET sensitivity of 7.6 cps/kBq, and a transaxial PET resolution of 4--5 mm (full-width at half-maximum). PET was performed 60 min after intravenous administration of 2 MBq/kg body weight ^68^Ga-PSMA^HBED-CC^ conjugate 11 with 4 min per bed position, four iterations/21 subsets, slice thickness 5 mm and matrix size 168 × 168, using the point-spread function-based reconstruction algorithm TrueX. CT maps were used for PET attenuation correction. Venous-phase contrast-enhanced CT was performed after intravenous injection of 100 ml of a tri-iodinated, non-ionic contrast medium at a rate of 2 ml/s, with tube voltage 120 kV, tube current 230 mAs, collimation 24 × 1.2 mm, slice thickness 3 mm at a 2-mm increment, and matrix size 512 × 512.

### Image evaluation {#Sec7}

PSMA 11 PET parameters were evaluated using Hermes Hybrid3D (Hermes Medical Solutions, Stockholm). The total tumor volume (TTV) was derived using a threshold-based volume of interest (VOI) extracted from the complete FoV. The lower threshold was defined as the mean SUV derived from a cubic 10 × 10 × 10 voxel reference VOI of the liver plus 20% to avoid most of the nonspecific and physiological PSMA 11 uptake \[[@CR20]\]. The reference VOI was manually drawn by a single investigator avoiding the inclusion of major intrahepatic vessels based on CT/MRI. A program-inherent segmentation algorithm was then applied to the threshold-derived VOI, enabling the deletion of the most common significant noncancer uptake areas (kidney, salivary glands, gut, spleen, bladder). Nonspecific uptake still present was then cropped manually (Fig. [1](#Fig1){ref-type="fig"}). The evaluated SUVmean was then taken from the derived TTV/VOI.Fig. 1A 74-year-old patient with castration-resistant metastatic prostate cancer (mCRPC) after treatment with enzalutamide and docetaxel. **a**^68^Ga-PSMA 11 PET image before the first ^177^Lu-PSMA-617 radioligand therapy (RLT) in December 2015 demonstrates extended pelvic, abdominal and thoracic lymph node metastasis. The total tumor volume (TTV) measured semiautomatically as described in [Materials and methods](#Sec7){ref-type="sec"} is marked *red* in the maximum intensity projection (MIP) 3D image. The PSA level at the time of imaging was 597 ng/ml, and the TTV was 359 ml. **b** After three cycles of RLT (7.4 GBq each), the PSA level had significantly decreased (23.1 ng/ml) and the TTV had reduced (43 ml), demonstrating a partial response. The patient received a further three cycles of RLT that resulted in a biochemical complete response (PSA 0.01 ng/ml, January 2018)

CT/MRI alone was separately assessed according to RECIST 1.1 \[[@CR7]\] by a uroradiologist (P.B.) using AGFA IMPAXX EE software.

Assessment of therapy response {#Sec8}
------------------------------

### Biochemical {#Sec9}

The biochemical response (BR) measured in terms of serum PSA levels served as the standard of reference for response assessment \[[@CR16]\]. Biochemical complete response (CR) was defined as a PSA level of 0 ng/ml after RLT, partial response (PR) as a decrease in serum PSA level of ≥50% from the baseline level, progressive disease (PD) as an increase in serum PSA level of ≥25% from the baseline level. Changes in PSA level after therapy of between −50% and +25% were considered to indicate stable disease (SD) \[[@CR11], [@CR16]\].

### Radiographic {#Sec10}

Radiographic response (RR) was assessed separately for PSMA 11 PET and MRI (or CT). The PET2 evaluation was compared with the PET1 evaluation and is reported as RR(PET). As described previously by Seitz et al. \[[@CR16]\], changes in PET parameters after RLT were interpreted according to the modified PET Response Criteria in Solid Tumors (PERCIST) 1.0 \[[@CR21]\]. A lack of all PSMA 11-avid lesions on PET2 that were seen on PET1 was defined as CR, a decrease of summed SUVmean or TTV of ≥30% as PR, and new PSMA 11-avid lesions on PET2 or an increase in SUVmean or TTV of ≥30% as PD. Intermediate changes in SUVmean and TTV on PET2 of between −30% and +30% were considered to indicate SD.

MRI (CT) datasets were analysed according to RECIST 1.1 \[[@CR7]\]. The findings of the RECIST evaluation are reported as RR(RECIST). The disappearance of all lesions was defined as CR, a decrease in the summed diameter of the index lesions of ≥30% as PR, and the appearance of new lesions or an increase in the summed diameter of the index lesions of ≥20% as PD. Changes in summed diameter of between −30% and +20% were considered to indicate SD.

Follow-up {#Sec11}
---------

Due to the retrospective nature of the study, patient follow-up was not standardized. In general, patients underwent physical examination and laboratory testing monthly. Follow-up time was calculated from the date of the first RLT cycle. Patients who died were considered at the date of their last follow-up. The cause of death was as asserted by the treating physician.

Statistical analyses {#Sec12}
--------------------

The univariable Cox proportional hazards model was used to test the associations between OS and changes in PSA level, TTV and SUVmean after therapy and the findings of the RECIST evaluation, and between OS and pretreatment laboratory values. Cohen's kappa (*κ*) was used to measure interrater agreement between PSA and TTV response, SUVmean response and the findings of the RECIST evaluation. Kaplan-Meier estimates were used to evaluate differences in OS between patients with PSA/TTV CR and those with PR and between patients with PSA/TTV SD and those with PD. All tests were two-sided. The significance level was set to \<0.05. Analyses were performed with R 3.4 (he R Foundation for Statistical Computing, Vienna, Austria).

Results {#Sec13}
=======

Patient characteristics {#Sec14}
-----------------------

Of 55 patients who underwent RLT up to January 2018 (all of the patients underwent three cycles RLT), 38 had all necessary data available and were included in the analyses. All patients had androgen-deprivation therapy (ADT) plus abiraterone/enzalutamide and/or chemotherapy (docetaxel/cabazitaxel) before undergoing RLT. Baseline characteristics are shown in Table [1](#Tab1){ref-type="table"}. The median serum PSA level at the time of PET1 was 60.8 ng/ml (IQR 15.4, 264.2 ng/ml). Eight patients (21.1%) had lymph node metastases only, another eight (21.1%) had bone metastases only, and 22 (57,9%) had lymph node and bone metastases, of whom six (15.8%) showed additional visceral metastases.Table 1Baseline characteristics of the 38 included patients staged using ^68^Ga-PSMA^HBED-CC^ conjugate 11 ligand PET/MRI(CT) before ^177^Lu-PSMA-617 radioligand therapyCharacteristicValueAge (years), median (IQR)71.47 (67.30, 77.34)Prior radical prostatectomy, *n* (%)28 (73.7)Prior primary radiotherapy, *n* (%)5 (13.2)Prior systemic therapy lines, *n* (%) ≤ 211 (29) ≥ 327 (71)ADT at imaging, *n* (%)25 (65.8)PET/CT, *n* (%)6 (15.8)PET/MRI, *n* (%)32 (84.2)Amount of used PSMA (MBq), median (IQR)171.50 (160.75, 187.25)Metastatic sites, *n* (%) Local recurrence11 (28.9) Lymph nodes30 (78.9) Bone30 (78.9) Viscera6 (15.8)Prostate-specific antigen (ng/ml), median (IQR)60.8 (15.4, 264.2).Hemoglobin (mg/dl), median (IQR)11.8 (10.6, 13.2)C-reactive protein (g/dl), median (IQR)0.4 (0.2, 1.2)Lactate dehydrogenase (U/L), median (IQR)189.0 (172.0, 245.3)Alkaline phosphatase (U/L), median (IQR)68.0 (56.5, 123.3)*IQR* interquartile range, *ADT* androgen-deprivation therapy, *PSA* prostate-specific antigen

Response assessment of PET parameters compared to standard imaging {#Sec15}
------------------------------------------------------------------

Table [2](#Tab2){ref-type="table"} shows BR and RR(PET+RECIST) in relation to changes in PSA level, TTV and SUVmean and the RECIST evaluation. Concordance between BR and RR(PET) and RR(RECIST) in patients undergoing RLT is shown in Tables [3](#Tab3){ref-type="table"} and [4](#Tab4){ref-type="table"}. Contrary to the change in SUVmean and the RECIST evaluation, change in TTV showed a significant correlation with the PSA response rate after therapy (*p* = 0.154, *p* = 0.583, *p* \< 0.001, respectively; Fig. [2](#Fig2){ref-type="fig"}). Overall, 18 patients had a biochemical PR, which was concordant in 15 patients (83.3%) on PET2 measured as change in TTV. In two (11.1%) of the three patients with discrepant results the RR(PET) was CR on PET2, and both of these patients showed not just an excellent PSA response (PSA levels after therapy 0.61 ng/ml and 0.41 ng/ml, respectively), but also a CR as measured using RECIST and change in SUVmean. In the remaining patient (5.6%), RR(PET+RECIST) was SD. A further three RLT cycles were performed due to the PSA response and radiographic SD. However, this patient died within 15 months of the start of the initial RLT cycle.Table 2Biochemical and radiographic responses expressed as changes in PSA level, TTV, SUV and RECIST in 38 patients after ^177^Lu-PSMA-617 radioligand therapyResponse measureChange after RLT (%), median (IQR)Response, *n* (%)CompletePartialStable diseaseProgressive diseasePSA−43.98 (−84.67, 15.37)0 (0.0)18 (47.4)12 (31.6)8 (21.1)TTV−45.13 (−83.83, 4.41)2 (5.3)22 (57.9)8 (21.1)6 (15.8)SUVmean^a^−25.76 (−46.54, −6.14)2 (5.3)17 (44.7)17 (44.7)2 (5.3)RECIST^b^−11.25 (−33.94, 0.00)1 (2.6)9 (23.7)15 (39.5)5 (13.2)*PSA* prostate-specific antigen, *TTV* PSMA total tumor volume, *SUVmean* mean PSMA standardized uptake value, *RECIST* Response Evaluation Criteria in Solid Tumors, *IQR* interquartile range, *RLT* radioligand therapy^a^Liver SUVmean: 3.1 (IQR 2.5--4.1) before RLT, 3.2 (IQR 2.6--3.8) after three cycles of RLT^b^Response evaluation was not possible in eight patients (21.1%) because they had no measurable target lesions according to RECIST 1.1Table 3Concordance between biochemical response and radiographic response (PET) in 38 patients undergoing ^177^Lu-PSMA-617 radioligand therapyTTVSUVmeanComplete responsePartial responseStable diseaseProgressive diseaseComplete responsePartial responseStable diseaseProgressive diseasePSAComplete response00000000Partial response2151025101Stable disease05520840Progressive disease02240431*κ* = 0.412, *p* \< 0.001*κ* = −0.159, *p* = 0.154*PSA* prostate-specific antigen, *TTV* PSMA total tumor volume, *SUVmean* mean PSMA standardized uptake valueTable 4Concordance between biochemical response and radiographic response (RECIST) in 30 patients undergoing ^177^Lu-PSMA-617 radioligand therapyRECISTComplete responsePartial responseStable diseaseProgressive diseasePSAComplete response0000Partial response1680Stable disease0254Progressive disease0121*κ* = 0.069, *p* = 0.583*PSA* prostate-specific antigen, *RECIST* Response Evaluation Criteria in Solid TumorsFig. 2Percentage changes in PSA level from baseline in 38 patients undergoing ^177^Lu-PSMA-617 radioligand therapy in relation to the responses measured in terms of PSMA total tumor volume (TTVresponse)

Biochemical SD after RLT was seen in 12 patients. Concordance between PET1 and PET2 was found in 5 of the 12 patients (41.6%) measured as change in TTV. Another 5 patients (41.6%) showed a PR on PET2. All of these patients also showed a decrease in PSA level, but in none of these patients did the decrease reach −50% for a biochemical PR per definition (decrease in PSA level of 2--37%). Two of the 12 patients (16.7%), one of whom died during follow-up, had PD on PET2. Conversely, these patients showed an increase in PSA level, but in none of these patients did the increase reach 25% for biochemical PD per definition (increase in PSA level of 15% and 17%, respectively). The response rates on PET2 were correct in four of eight patients (50%) with biochemical PD. Two patients (25%), of whom one died during follow-up, showed a radiographic SD on PET2 with an increase in TTV that did not reach the cut-off for PD. The remaining two patients (25%) had a radiographic PR as measured by TTV; both died during follow-up.

Assessment of RR(RECIST) was practicable in only 30 of the 38 patients (78.9%) due to missing measurable target lesions according to RECIST 1.1 criteria (Table [4](#Tab4){ref-type="table"}). Biochemical PR was found in 15 of the 30 patients, which was correctly correlated according to RR(RECIST) in six patients (40%). The rate of concordance between RR(RECIST) and BR was 45.5% (5/11 patients) for SD and only 25% for PD.

Factors associated with overall survival {#Sec16}
----------------------------------------

After a median follow-up of 17 months (IQR 8.0, 24.2 months), 11 patients (28.9%) had died of their PC. In the univariable survival analysis, neither change in SUVmean nor the RECIST evaluation was associated with OS, whereas changes in TTV and PSA level were (HR 1.001, 95% CI 1--1.003, *p* = 0.04, and HR 1.004, 95% CI 1.001--1.008, *p* = 0.01, respectively). The Kaplan-Meier analysis also showed a significant difference in OS between patients with a PSA and/or TTV response of CR or PR and patients with SD or PD (*p* = 0.04 for PSA, *p* = 0.001 for TTV; Fig. [3](#Fig3){ref-type="fig"}). The pretreatment CRP value was also associated with OS (HR 1.07, 95% CI 1.009--1.14, *p* = 0.02), while the other pretreatment values (PSA level, hemoglobin, LDH, ALP) were not. Beyond that, none of the chosen pretreatment factors was associated with either TTV or PSA response in our investigated cohort.Fig. 3Kaplan-Meier analysis of overall survival in 38 patients with metastatic prostate cancer undergoing ^177^Lu-PSMA-617 radioligand therapy (RLT). **a** According to PSA response after RLT: *blue line* patients with biochemical stable disease (SD) or progressive disease (PD); *red line* patients with a biochemical partial response (PR) or complete response (CR). **b** According to total tumor volume (TTV) after RLT: *blue line* patients with stable disease (SD) or progressive disease (PD); *red line* patients with a partial response (PR) or complete response (CR)

Discussion {#Sec17}
==========

Accurate assessment of therapy response is necessary for making optimal decisions regarding treatment allocation and schemes in patients with any type of disease, but specifically late stage cancers such as mCRPC. After having identified the potentially most effective and safe treatment, monitoring of response is necessary to allow changes in strategy early when the disease burden is relatively small. Unfortunately, accurate prediction of treatment response using the recommended monitoring tools including imaging modalities remains challenging \[[@CR9]\]. PSMA imaging is recommended for assessing the PSMA expression of the tumor and its metastases is considered essential in determining the suitability of a patient for PSMA therapy (and also for commencement of further cycles), and is also valuable for, among other things, assessing tumor response rather relying on a simple serum blood marker. In addition, serum PSA has limitations for assessing therapeutic response, especially when patients are still receiving androgen-deprivation therapy, with regard to OS as the ultimate endpoint. This was also shown, for example, in the ALSYMPCA trial, which showed a survival benefit of ^223^Ra treatment in patients with castration-resistant prostate cancer \[[@CR5]\]. Furthermore, PSMA imaging provides information about metastatic sites and spread, which opens a window for other targeted therapies, such as radiation therapy or even surgery for reducing tumor burden or preventing severe functional limitations, such as bone fractures.

The use of PSMA PET for primary staging and the detection of biochemical relapse has already been shown to lead to treatment alterations \[[@CR13], [@CR22]\]. PSMA imaging might therefore also enable new combined therapeutic approaches in the setting of castration resistance, which, of course, needs further evaluation. The results of the current study suggest that a hybrid imaging technique combining morphological and functional information, such as PSMA 11 PET/CT(MRI) may improve response assessment in mCRPC patients. This is in accordance with the findings of preclinical studies showing that PSMA uptake in the tumor is directly associated with the number of tumor cells and that decreased PSMA uptake after therapy is not due to treatment-induced changes but rather reliably reflects the number of living tumor cells \[[@CR23]\]. Although several studies have shown adequate detection of treatment response for other radiopharmaceuticals \[[@CR24], [@CR25]\], the available data for PSMA 11 PET in mCRPC are still limited. The first study, to our knowledge, to investigate the use of PSMA PET for the assessment of response recently showed that PSMA PET performs better than conventional imaging in mCRPC patients undergoing systemic taxane-based chemotherapy \[[@CR16]\]. A further study by Schmuck et al. introduced the parameter "PSMA-derived tumor volume" (PSMA-TV), which was obtained using an isocontour-based procedure from each lesion, and showed a correlation with PSA levels in an initial ten patients before and after therapy \[[@CR26]\]. Our aims were to compare the predictive and monitoring accuracy of PSMA 11 PET with those of conventional imaging in patients after RLT using the BR as the standard of reference. We also assessed the association between RR including blood-based standard biomarkers and OS.

We used a simplified whole-body measurement of TTV which could be used as a routine clinical approach. Furthermore, the rationale for using this semiautomatic whole-body quantification based on a lower threshold of a standardized cubic liver VOI took into account the proposed recommendations for assessing PSMA 11 PET in prostate cancer \[[@CR26]\]. Therefore, lesions with higher uptake than the liver background have to be assessed as suspicious for metastasis. Nevertheless, minor manual corrections are still needed for physiological uptake in the gut, liver, spleen, salivary glands and kidneys. The difference in liver background uptake before and after RLT was not significant (Table [2](#Tab2){ref-type="table"}).

We found that PSMA PET parameters had a high accuracy in assessing response in mCRPC patients. To the best of our knowledge, this is the first study providing PSMA PET data on response to RLT and the first study in which PSMA TTV was used as an additional PET parameter. We also evaluated the correlation between RR and BR. Change in TTV showed a significant correlation with BR (*p* \< 0.001), in contrast to change in SUVmean (*p* = 0.154) and the RECIST evaluation (*p* = 0.583). A previous study by Seitz et al. \[[@CR16]\] assessed patients before and after docetaxel chemotherapy using the PSMA SUVmean. The rate of concordance between BR and RR(PET) was found to be higher than that between BR and RR(CT) in patients with castration-sensitive PC (86% vs. 50%, respectively) and in patients with castration-resistant PC (56% vs. 33%, respectively). Nevertheless, these results did not reach statistical significance. We could show comparable data to the study published before. Concordance rates for PSMA PET (TTV) and MRI(CT) for detecting PR were 83.3% and 40%, for detecting SD were 41.6% and 45%, and for detecting PD were 50% and 25%, respectively.

In eight patients response assessment was not possible with MRI or CT due to missing measurable lesions. Especially in metastatic prostate cancer, even the use of RECIST in combination with BS, as recommended by the Prostate Cancer Clinical Trials Working Group 3 \[[@CR8]\], still does not overcome these known limitations. As BS might detect osteoblastic metastases earlier than changes on CT or MRI, BS might be detecting only a surrogate for osteoblastic activity caused by cancer cells, whereas PSMA-targeted imaging reveals the tumor cell itself. PSMA-targeted imaging might therefore be able to detect disease and therapy-related changes earlier, which is another argument for using hybrid imaging techniques such as PSMA 11 PET/MRI(CT) in mCRPC patients \[[@CR27]\]. Interestingly and in contrast to data published before, changes in SUVmean seemed not to be superior to RECIST evaluation for response assessment, although neither of these rates reached a statistically significant association with PSA level as the standard of reference. This result suggests to a certain extent that repeated RLT reduces tumor burden but has only limited effect on the PSMA expression of the remaining tumor cells. Even the probable effect of decreased cell density due to RLT in these areas does not appear to have a significant impact on therapy response. Therefore, repeated RLT with six or even nine administrations still remains an option in these patients, as has already been shown by other groups \[[@CR28]\].

PSMA TTV not only showed excellent concordance rates in response assessment, but its change was also associated with OS in the univariable survival analysis even in the small cohort of patients presented (HR 1.002, 95% CI 1--1.003, *p* = 0.03). The change in PSA levels also showed a significant association with OS (HR 1.004, 95% CI 1.001--1.008, *p* = 0.01). Such an association was not shown for the change in PSMA SUVmean and RR(RECIST). These findings were confirmed by the Kaplan-Meier analysis (Fig. [3](#Fig3){ref-type="fig"}), which showed a significant difference in OS between patients with TTV CR and PR and those with SD and PD. This was also true for BR but at a lower level of significance. Evaluating the relationship between PET parameters and objective clinical outcomes such as OS may have a major clinical impact in the future and might encourage further development of image assessment tools such as those used in this study.

We also evaluated pretreatment factors that have been found in previous studies to be associated with outcome in mCRPC patients (PSA, CRP, LDH and ALP levels, and hemoglobin) \[[@CR17]--[@CR19]\]. However, of all the known factors, only CRP level was significantly associated with OS in our cohort. The impact of RLT on progression-free survival and OS is not yet known, so that known predictors in the scope of other treatments might not apply for RLT, which could explain these controversial findings compared to those of other studies. Almost 50% of patients had a biochemical PR after RLT and about 30% had biochemical SD, which are BR rates that have not been found previously in this stage of the disease following other systemic therapies. This also explains our limited number of events (11 deaths) in the survival analyses. Nevertheless, this number represents almost one third of the cohort and was statistically significant.

The small number of patients and its retrospective design are limitations of this study. These factors also prevented a robust multivariable analysis, which is mandatory for the identification of independent predictors. This implies, that the preliminary associations with OS found have to be interpreted with caution. Furthermore, there are no known standardized criteria for response assessment using PSMA PET. The modified PERCIST 1.0 criteria \[[@CR21]\] used in our study were initially developed for FDG PET. Another limitation is that RECIST evaluation was possible in only 30 of 38 patients (78.9%), because bone metastases are the most common manifestation of progressing mCRPC. For this reason the response in an unknown high number of patients may have been misclassified using RECIST, and BS was not carried out although recommended by the Prostate Cancer Clinical Trials Working Group 3 \[[@CR8]\]. This can be attributed to the retrospective design of this study. PSMA PET has widely replaced regular bone scan in our clinic for screening patients for PSMA therapy. Therefore, the relationship between bone scans and PSMA therapy could not be analysed in this study because an insufficient number of scans was available.

Most of the patients (*n* = 32) were investigated using an integrated PET/MRI system. However, six patients were investigated with PSMA 11 PET/CT because of contraindications to MRI. Thus there are several concerns with regard to semiquantification. Most of the concerns are related to attenuation correction of bone lesions in PET/MRI systems using Dixon-based μ-maps, the generally lower SUV in PET/MRI systems, and follow-up examinations on different scanners \[[@CR29]\]. To overcome some of these issues, we used a reference VOI for threshold-based quantification and all patients had their pretherapy and follow-up examinations on the same system, either PET/MRI or PET/CT. Another limitation is the use of serum PSA levels as the standard of reference for response assessment, as PSA levels have been shown to be not always reliable enough for monitoring disease activity in mCRPC patients. Nevertheless, in our study the changes in serum PSA levels and PSMA TTV were associated with OS in the univariable survival analysis, as well as the pretreatment CRP value, indicating a reliable correlation for response assessment in our cohort.

Conclusion {#Sec18}
----------

This study suggests that PSMA PET-derived TTV is a promising tool for evaluating therapy response in mCRPC patients undergoing RLT and outperforms conventional cross-sectional imaging. It was significantly associated with BR. Univariable survival analysis demonstrated a potential association with OS. Further prospective studies are necessary to confirm these promising preliminary results.
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